This study perceives the developing process of a parameterization modeling in Grasshopper ® for complex surfaces using building simulation, considering diffuse and beam radiation as the key-variables. The primary goal of this article is to create, simulate and optimize a modular, semi-opened canopy based in retro-studies of tree leaves as engineering structures. The method applied consisted of the definition of parameters and criteria for the optimization of the simulation process and was divided into three stages: a study of form, form parameterization, and simulation and optimization. Ladybug ® for Grasshopper ® plugin was used to carry out the simulations, and Octopus ® was used as a motor for optimizing the final script. The object of study chosen was the process of creation of a canopy because, in hot and humid climates, such as in Brazil, the roofing areas are a critical part of the building envelopes that are highly susceptible to solar radiation and other environmental changes, thereby, influencing the indoor comfort conditions for the occupants. Although the final product was created for a specific climate zone, it can be applied to any other zones with a few changes in the parameters due to parameterization. As main results, the solar control devices contributed to a reduction of 86% of the annual average of hourly beam solar radiation while maintaining high levels of diffuse radiation.
Introduction
"Considering the importance of buildings in the total energy consumption and the fact that the constructive envelopes are responsible for the thermal exchanges with the [external] environment, as well as the admission of natural light" (CARTANA; PEREIRA; MAYER; 2017, p. 1685), the energy performance of wrapping systems is becoming increasingly important in contemporary architecture, according to Fajkus (2013) . In this situation, solar control elements can contribute positively to building performance.
Regarding thermal issues, Cho, Yoo and Kim (2014) , evaluating the application of solar control elements, identify that the radiated heat gains in general office buildings in South Korea consumes around 33% to 40% of the energy of the construction from May to September with an annual cooling load reduction of maximum 19.7%. Also, Bader and Zitzler (2010) identify the possibility of reduction of beam radiation in 75%, considering the use of the mentioned control elements.
According to González and Fiorito (2015) , the integration of natural light and energy performance with the design optimization process has always been a challenge for designers. Most environmental performance simulation tools require a considerable amount of time and interactions to get accurate results. Furthermore, combining goals has always been a problem because different software is required to perform detailed calculations.
As stated by Sadineni, Madala, and Boehm (2011) , the buildings we find today are expected to achieve energy efficiency and environmental-friendly design. It is also a common sense that sustainable buildings should encompass various issues regarding energy, water, land and material conservation, as well as environmental pollution and the quality of environments. Despite this common sense, sometimes sustainability does not cover all facets of its object of study.
It is a consensus amongst Sadineni, Madala, and Boehm (2011) , Konis, Gamas, and Kensek (2015) and Stevanović (2013) , that building energy efficiency can be improved by implementing either active or passive energy efficient strategies. All these references, though, call out for environmental-friendly passive building energy efficiency strategies.
Passive solar design strategies aim to use solar energy to help to establish thermal comfort in buildings, dismissing the use of electrical or mechanical equipment.
Canopies account for large amounts of heat gain/loss, especially in buildings with a large roof area, notably in countries near the Ecuador Line, which is Brazil's case, even though they usually are left aside.
Sunlight is considered the best source of light and it meets best human needs, according to Narangerel, Lee, and Stouffs (2016, p.379) . This light penetrates the building by fenestrations that can be both on the facade and the roof. The insertion of radiation inside the building, when accurately calculated, significantly reduces the need for artificial lighting. "In fact, as the literature suggests, natural light provides an environment of better quality and influences the psychological and the way the mind responds, as well as the biological rhythm" (PESENTI; MASERA; FIORITO, 2015, p. 347 ).
According to Ogbulezie, Ushie, and Nwokolo (2017) , diffuse solar radiation plays a vital role in determining light use efficiency, changing the color of the sky and baseline for diffuse solar radiation parameters such as diffuse photosynthetically active radiation, when dealing with photosynthetic organisms. According to Brotas and Rusovan (2013) , architects rely on computational tools to investigate forms and structures. Likewise, these tools cannot only be used for shape generation but also to predict the performance of spaces. "On the one hand, environmental awareness and climate change have affected building regulations. They are increasingly becoming more demanding in terms of energy efficiency and promoting the reduction of CO2 emissions" (BROTAS; RUSOVAN, 2013, s.n.) . Krüger and Laroca (2009) , who state in their work that over the last decades, several types of research were concerned with the simulation and evaluation of small systems or individual systems in a building, endorse this statement. "In tropical and subtropical climates, the thermal performance evaluation […] should be primarily related to the optimization of indoor comfort conditions [...]" (KRÜGER; LAROCA, 2009, p. 661) .
In fact, in the last decades, according to Delgarm et al. (2016) , considerable research was directed to optimization based on simulation, in order to understand the construction parameters and appropriate architectural configurations to promote its energy efficiency. Besides, Fonseca et al. (2016, p. 267, our translation) state that, "the development of computational technology has led the optimization associated with the parameterization to enable the development of projects with better performance, with or without integration with the simulation."
Over the past twenty years, the work of creating solar protection, regardless of the face of the building, was manual, and variations such as latitude, longitude, building rotation, geometry modification, and others, required analog rework. According to Eltaweel and Su (2017) , in the contemporary conception of architecture, all these aspects in their dimensions can be considered parameters and with the application of the correct software, it is possible to assemble a complete base, which can be altered and improved with efficiency, so that the design of the building simultaneously changes without rework. Jakubiec and Reinhart (2011) share these same thoughts.
The term parametric originates from mathematics and refers to using specific parameters or variables, which can be amended in order to manipulate with the equation results. Eltaweel and Su (2017, p. 1087) state that, "[…] the principle of parametric design can be defined as a mathematical design, where the relationship between the […] elements are shown as parameters which could be reformulated to generate complex geometries […]". These geometries are based on the elements' parameters. By changing these parameters, new shapes are created simultaneously. Andrade and Ruschel (2009) have identified that publications on the use of parametric modeling programs have emerged no more than a decade in Brazilian Conferences. Santana, Guimarães and Carlo (2015) infer that, although parameterization has been applied to energy efficiency studies for almost two decades in Brazil, the evaluations that take into account shape parameters are recent due to the computational advances implemented in the current decade.
Nowadays, parametric design is used in many fields, disciplines that consist of complex algorithmic relations, interdisciplinary work, creative forms, and multiprocessing treatments such as AEC (Architecture, Engineering, and Construction). It is not easy to control these operations using conventional tools or imagine them using our analogical thinking, so it is needed to use complex operating systems, parametric tools, and specific software. Due to this digital and technological development, we can find many implementations of parametric design in many fields like decoration, fashion, architecture, urban planning, sonic study, structural analysis, medicine and so on (ELTAWEEL; SU, 2017, p. 1090). Eltaweel and Su (2017) state that daylight and radiation are influenced by many divergent criteria such as longitude, latitude, sun path, sky type, solar radiation, humidity, territory, among others. All of these aspects have different parameters and are influenced by each other. Therefore, parametric design can provide this utility by connecting these data using specific software, which can ease the design decision, modeling, and solving problems. Furthermore, it could anticipate the optimum solutions for the building design especially via analyzing the influence of daylight.
"Studies have demonstrated the potential use of tools to analyze the performance of the constructive envelope for energy optimization or visual aspects" (FELIPPE et al., 2015, p. 398 ) and because of the repetitive nature of the procedures, to achieve them, this optimization is automated. In short, modeling software Rhinoceros 3D®, its DIVA® plugin, Ladybug®, HoneyBee®, Grasshopper®, and EnergyPlusTM building-modeling programs are often cited.
According to Gossard, Lartigue, and Thellier (2013, p. 253) , "improving the thermal performance of a building can be done in two ways. The first approach is based on a trial-and-error method […] and the second approach ensures a more reliable method by using optimization algorithms". Although the "'trial-and-error' processes may be able to generate acceptable solutions, they are doubtful to achieve near-optimal designs" (MAGNIER; HAGHIGHAT, 2009, p. 739) . For this reason, the optimization using genetic algorithms is seen as an option with higher chances of indicating the best solutions for a project according to its objectives and constraints.
With the advances in computational design, parametric optimization and building performance simulation, researchers such as Eltaweel and Su (2017) and Pesenti, Masera and Fiorito (2015) , believe that what is necessary for the continuous development of generative methods with integrated approaches is only to explore the project from biases that have not yet been explored. (2002), the analysis of tree leaves as engineering structures is a relatively recent one. Most leaves can be modeled as thin membranes or laminae with reinforcements in the form of veins and midribs. "The leaf is a compromise in flexibility and rigidity. It is the interaction of these stiffening members and the flexible membrane panels that leads to an interesting mechanism" (DE FOCATIIS; GUEST, 2002, p. 227) .
As claimed by De Focatiis and Guest
The advantage of the leaf-folding patterns can be seen when several membranes of the leaf are joined to produce polygons. "The leaves can be arranged in two basic ways, either pointing towards the center of the polygon, leaf-in, or directed away from it, leafout" (DE FOCATIIS; GUEST, 2002, p. 228) . The folds of different leaves can be interconnected and are compatible with each other. This way, the whole structure can be folded and unfolded from a single or multiple driving points.
In conclusion, the goal of this paper is to evaluate the process of creation of a modular canopy based on biomorphic shapes, capable of allowing the entry of radiation indoors, maximizing diffuse incident radiation per m² and minimizing beam radiation according to solar geometry, through computer simulation. 
Method
This research is of quantitative and exploratory type (GROAT, 2013) inserted in the area of Performance-Based Design, involving simulations for radiation and optimization. Methods aiming at the analysis of a design process based on optimization are emphasized. For instance, the method adopted by Pesenti, Masera, and Fiorito (2015) and González and Fiorito (2015) were the main ones used in this study, because of the approximation to the study of forms applied to complex surfaces. Thus, the research was divided into three stages. The first stage concerns the exploration and definition of the form; the second stage regards the parameterization of the canopy and the third stage concerns simulation for radiation and optimization of the design.
First Stage
The work was carried out following an interpretation of the methodology applied by authors such as Pesenti, Masera and Fiorito (2015) , Cheng et al. (2015) , ElGhazi and Mahmoud (2016) and González and Fiorito (2015) and was divided into three parts. The first part follows the bias of the investigation of the form. This is a critical phase for the project since the design must start from a simplified approach so that its reproduction can occur without difficulty, given the formal complexity usually applied in parametric geometries.
Academic research evidenced by Pesenti, Masera and Fiorito (2015) , Mahmoud and ElGhazi (2016) and De Focatiis and Guest (2002), contemplate geometric forms based on origami and branches and leaves, since the kinematics created by the fold of the geometries surpasses the variety of angles allowed by a Euclidean geometry, besides being considered adaptive forms. It is a system that easily deforms, creating patterns capable of reducing the use of material, increasing structural rigidity and retaining lightness, one of the principles discussed by Buckminster Fuller's theory of "Tensegrity" (1) .
In some leaves and flowers, a folding technique is used efficiently to optimize their shapes continuously. De Focatiis and Guest (2002, p. 227) point that "Hornbeam and Beech leaves have a particularly simple and regular corrugation pattern […] that is strengthened by the distortion induced in the cantilevered corrugation". Thanks to that, they have been taken as inspiration for engineering structures. Hornbeam, Beech and Maple leaves exhibit a deployment mechanism; the pleats are disposed like V-shaped patterns in a way to allow young leaves to fit into the buds.
In the opinion of Pesenti et al. (2015, p. 663) , leaves motion, like Oxalis Triangularis, has to be considered as nastic movements, "where active structures respond to an external stimulus independently of direction, inducing a reversible movement -the folding/unfolding of the leaf." Therefore, learning from nature may be particularly useful for a biomimetic translation into the design of a kinetic shading device.
For this research, forms of nature were used, more specifically, abstractions of leaves ( Figure 1) as a starting point, taking into account their organicity and ability to behave hastily, while creating protection from weather, one of the premises of the project.
It consists in the use of Rhinoceros 3D ® and Grasshopper ® to assemble a script that allows variation of the design according to its geographical positioning. 
Second stage
The variability of the project is based on the possibility of implantation of it in different latitudes and longitudes, depending on the weather file used. In this experiment, the weather file TMY3 for the city of Viçosa (Latitude 20º 45' 14" S, Longitude 42º 52' 55" W, Altitude 648 m), MG, was used (GUIMARÃES, 2016) . The purpose of creating this script is that, with the modification of small parameters (Figure 2 ), such as module size, height, angulation, opening area, among others, it is possible to generate an optimized form. This modification is allied to the solar masking for the specific latitude in which the project is located. The initial module was divided into two parts, and two modifiable parameters were applied for each of these parts (Figure 3) . Thus, the module can vary in aperture and length at its top or bottom. For its lower part not to be larger than the upper one, and then to prevent entering radiation and to avoid water accumulation on the inside damper, a multiplier has been added ( Figure 2) . Its Y scale factor will depend on two values, which are the scale and the multiplier, a diminishing factor. All openings are facing north to allow beam radiation incidence in the case studies, leading to cases in which this radiation will be minimized.
Considering the need to measure the levels of beam and diffuse radiation, a plan of analysis was created just below the structure of the Canopy (Figure 4) , much smaller than the extension of the modules, so that the radiation coming from the sides of the structure would not reach it and affect the final calculations. For the evaluation of the radiation, the plugin Ladybug® for Grasshopper® was used.
According to Cheng et al. (2015, p. 323) , analyzing solar radiation of simple motifs is the first step in a simulation, helping with the understanding of the following situations. The efficacy of these simulations can be interpreted and help initiate design decisions for building skins. The quantitative results from radiation simulations can improve understanding of the consequences of complex patterning, driving design refinement. (KHORASGANI; BURRY; SALEHI, 2014).
LadyBug
® was chosen for the radiation analysis because, according to Roudsari and Pak (2013) 
Third stage
It regards the simulation and optimization using Ladybug® and Octopus® plugins for evaluation of the incident radiation per square meter. According to Fonseca et al. (2017, p.267) , Octopus® "enables the user to work with two or more goals, such as the 'diversify parameters' option", which increases the chances of algorithm exploration in the entire search field of solutions. Octopus® plugin for Rhino® also allows the use of two genetic algorithms in the optimization: HypE or SPEA-2. The plugin "also makes it possible to determine the size of the population that will be created within each generation" (FONSECA et al., 2017, p. 267) , allowing the user to establish a maximum number of generations. In this study, SPEA-2 was used.
According to Zitzler, Laumanns, and Thiele (2001), SPEA-2 is an elitist evolutionary algorithm created by the authors mentioned above that present evolution when compared to his predecessor. It was tested and compared to its predecessor and other two popular genetic algorithms based on elitist methods (PESA and NSGA-II) and presented promising results.
Considering the use of Ladybug® and its capacity to evaluate radiation we chose to work with diffuse radiation maximization and beam radiation minimization (Figure 5 ), composing a multi-objective optimization.
According to Nguyen, Reiter, and Rigo (2014) , optimization can be classified according to the number of objective functions. It can be a mono or multi-objective optimization, although Nguyen, Reiter, and Rigo (2014) identified that 60% of building optimization studies had only one objective function. Multi-objective optimization, on the other hand, approaches more of real problems, since designers usually need to deal with conflicting design criteria (NGUYEN; REITER; RIGO, 2014). According to Evins (2013) , evolutionary algorithms are amongst the most common in optimization. They are based on Darwin's theory of evolution, in which populations of solutions are created, and each of these is evaluated according to their performance. They use a principle of "natural selection to evolve a set of solutions towards an optimum solution" (MACHAIRAS; TSANGRASSOULIS; AXARLI, 2014, p. 103). With each generation created, the poor performers are eliminated from the population (EVINS, 2013) , while the best are kept for the next generation creation and selection process.
According to González and Fiorito (2015, p. 561) , they use techniques such as "inheritance, mutation, selection, and crossover to evolve a solution for general or specific problems." They have been proven to be an effective strategy for addressing multi-objective design problems and calculate multiple performance criteria, finding close to optimum solutions in a short period. However, their application requires extensive mathematical and computer programming knowledge, far beyond the domain of most professionals. The creation of Octopus® has filled this gap. This part of the methodology combining Octopus ® with performative plugins could be one of the answers to ensuring high levels of environmental performance while reducing the time needed for extensive trial and error processes. "Simulations can be performed automatically and the results stored and organized according to their performance" (GONZÁLEZ; FIORITO, 2015, p. 561) .
For data analysis, Vilfredo Pareto proposes one of the most popular methods to present multi-objective solutions. "A solution is Pareto optimal or nondominated when there isn't any other feasible solution that improves one objective without deteriorating at least another one" (MACHAIRAS; TSANGRASSOULIS; AXARLI, 2014, p. 102). When the problem consists of two objectives, the Pareto frontier can be represented as a curve.
Also known as Pareto Analysis, the ABC Curve is a method used to organize points in order of relevance, in which 20% of the factors usually cause 80% of problems. For the analysis of the data collected in the simulation and optimization, one of the methods consisted of the creation of an ABC Curve.
"The ABC curve is a method of classifying information, so that items of greater importance or impact are separated, which are usually in smaller numbers" (CARVALHO, 2002, p. 226) . It is a statistical classification of materials based on the Pareto principle, which considers the importance of materials based on the quantities used and on their value.
To divide total radiation into two plots it was necessary to break the script into two parts, one containing a true toggle only for the beam plot of radiation, and the other containing a positive toggle only for the diffuse plot of radiation ( Figure 5 ). In the Octopus ® plugin, a third objective was added by asking for Diversification of Parameters in order to ensure that the optimization engine searches the entire solution space and does not run the risk of being stuck in a local search, which could lead to a loss of potential solutions.
The parameters used were movement in the Y and Z-axis in the upper and lower damper, as it was discussed earlier in the paper, totalizing four parameters besides the diversify parameters.
Octopus® is started with a population size of 100 and Max generations of 50 to make optimization feasible. The plugin allows the user to choose a solution for analyzing parameters and performance indicators visually. According to Fonseca et al. (2017, p. 267) "its relevance as an optimization engine for Grasshopper® is also to avoid that the optimization is interrupted when faced with cases impossible to reach a viable solution." It automatically skips the case if the user determines a maximum evaluation time for each simulation.
During the simulation, the convergence of solutions will be used as a stop criterion. The point of convergence is defined by looking at the graph provided by Octopus®.
Results and discussion
The convergence of the model occurred in generation 33 (Figure 6 ). The first Parameter Graph (a) is from the first generation and the second (b) is from the thirty-third generation when the convergence is seen. The units concern to the annual average of hourly solar radiation considering 12 hours of daylight, using the TMY3 Weather File for Viçosa (Latitude 20º 45' 14" S, Longitude 42º 52' 55" W, Altitude 648 m) (GUIMARÃES, 2016) . In the parameter graph, each solution is presented as a line connecting the parameters; the closer the lines, the more the project approaches convergence.
Based on the data provided, a dispersion graph was created for further analysis ( Figure  7 ). According to Delgarm et al. (2016, p. 295), "[…] in the multi-objective optimization problems, all points on the Pareto front are potentially an optimum solution".
In this respect, the selection of the final optimum configuration among the available optimal points requires a process of decision-making. The graph (Figure 7 ) is divided into three classes: A, B, and C. In class A, the elements found have greater importance, value or quantity, corresponding to 20% of the total, class B has intermediate importance, quantity or value and corresponds to 30% of the total, while class C corresponds to 50% of the total and has minimum status. Taking into consideration the Pareto Frontier, the results that form the curve are considered a nondominated solution, even though any other point in the Figure 7 could be considered feasible solutions, according to Machairas, Tsangrassoulis and Axarli (2016) . As seen in the Pareto front, most results close to the convergence are in group A, and a small amount of them is in group B (Figure 8 ).
Taking into account that the optimization concentrates the best results in the last generations and that the best results are found in Group A according to the ABC curve, three solutions were selected as the best ones because of their higher diffuse radiation values (Figure 9 ). Among the diffuse solutions that were not chosen, the annual average reached up to 175 W/m2 for hourly diffuse and 85 W/m2 for hourly beam radiation. It can be seen that the optimization kept diffuse radiation high, reaching and surpassing the average annual values.
This can also be seen while comparing the simulation results to the hourly solar radiation obtained from the TMY3 file. The weather file diffuse radiation (Figure 10 ) presents higher values in the rainy summer and especially in spring hours, December to March and September to December respectively. It also presents a valley in the winter season, June to September. The optimized results of the annual average of hourly radiation below the canopy for the solutions of the last generation reached values comparable to spring and summer, about 175 W/m2, which means a reduction of 20% compared to the highest level of diffuse radiation. For the optimized results, there is a reduction of 14.5% for result A, 8.8% for result B and 5.5% for result C, when compared to the annual average. For beam radiation (Figure 11) , there is also a peek in summer and spring hours with a low bound during the winter time. Since the scope of the optimization was to minimize beam radiation and maximize the diffuse portion, the levels of radiation achieved were as low as 17 W/m2 for result A, the equivalent of a reduction of 94.5% when compared to the weather file annual average. For result B, beam radiation was 40 W/m2, a reduction of 87.5% and for result C, beam radiation was 42 W/m2, and the reduction was of 86.8%. When it concerns the parameters, the input data in Grasshopper® for the results shows a low variation of values for some parameters and a high variation for others (Figure 12) . Therefore, one to believe that the optimization depended on the combination of parameters 1, 2 and 3, responsible for scale in Y and Z-axis for the upper damper and scale in Y-axis for the lower damper, with the multiplication factor, respectively. Parameter 4, responsible for scale in Z-axis for the lower damper, had little effect in the optimization. The analysis of the best results in the four last generations is consistent with the evaluation of all the results, which implies that the Z-axis values for the lower damper were not definitive for the result and it confirms what was designed ( Figure 13 ). The three selected results are shown in order and, in all three results, we can see that the bottom damper of the model was not maintained in the bottom portion of the module, due to the optimization process. An explanation for this fact is the occurrence of the reflection on the outside of the module, mainly in the upper damper, and not in its interior, as imagined at the beginning of the study. In order to avoid the direct portion of radiation, the model inverted the bottom lappet, creating an upper flap. Thus, the lower damper was automatically incorporated to the upper part of the module, helping diminish the portion of bean radiation penetrating the canopy.
Conclusions
To design is to anticipate the creation of forms in the material world. In order for the project to be thought and transmitted to all participants in the process, it has to be represented in 2D and 3D. Consequently, the architect should materialize its ideas into representations.
Computational optimization can differ from traditional methods, providing new answers for design problems that can be more effective in solving specific tested issues.
For the studied case, the optimized solution performs significantly better regarding radiation availability, having the beam portion of radiation below the canopy diminished up to 94.5% for the best-case scenario when compared to the annual average, maintaining diffuse radiation close to the average values of the weather file for all of the chosen solutions. For cases B and C the hourly beam radiation under the canopy was diminished by 87.5% and 86.8% respectively.
The results presented as Pareto solutions in the ABC curve indicated the importance of the designer's decision, primarily in the choice of the final solution, since the curve and the selection of data have to be made by the researcher.
The tools used in the simulations and optimization, although not yet ingrained among designers and presenting limitations, proved their potential for integration between the design process and specific areas in architecture and engineering, such as performance analysis.
Besides, because the software and the plugins used are recent technology amongst architects and engineers, there is a promise of rapid advance in the next 10 to 20 years. Several of the computational tools used are in the improvement phase and have been updated during the development of the model. This project is an exploratory project of the potential application of the tools used to optimize the dimensions of the modules of a canopy, to satisfice radiation solutions following a straightforward application of parameters.
Future studies can be built upon the current one and explore an expanded set of optimization criteria, combining energy-related indicator with visual comfort ones, such as glare probability and uniformity of daylight illuminance. In conclusion, the results demonstrate that the integration of computational design and performance simulations for solar control elements with complex shapes is essential for selective admission of solar radiation.
